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ABSTRACT 


Currently, several testing methods are under development to understand the resistance of 
polyethylene pipe materials to slow crack growth over comparably short time periods without 
using aggressive chemicals to accelerate the time to brittle failure. Strain hardening and crack 
round bar tests have recently been developed and published as ISO testing methods. However, a 
better understanding of these testing methods is still required with respect to the molecular 
parameters of the materials. Comparative studies with existing slow crack growth testing 
methods such as the notched pipe test are of significant interest to the industry. This study 
discusses correlations of molecular weight, molecular weight distribution, short chain branching 
and rheological properties of different polyethylene materials with their slow rack growth 
resistances obtained from the strain hardening and crack round bar tests and their correlations 


with notched pipe tests. 
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INTRODUCTION 


An increase in the world’s population has created a need for enormous amounts of water to be 
transported from water sources to communities. This has motivated the technological 
development of polyethylene materials with improved hydrostatic pressure resistances and with 
good resistances to slow crack growth. In this context, polyethylene has a good track record over 
its many years of use for pressurized water and gas transportation networks. High-density, high- 
molecular-weight polyethylene materials, known as PE80 and PE100 according to ISO 12162, 
have served the market successfully for many years for standard applications. The performance 
requirements of these materials with regards to hydrostatic pressure and slow crack growth 
(SCG) resistance are defined in application-related product specifications. One of several SCG 
testing methods, the notched pipe test (NPT) [1], developed by Allwood and Beach [2], is 
defined as a standard testing method to evaluate the SCG performance of PE80 and PE100 
materials in ISO product standards [3,4]. In this test, a plastic pipe with four axial predefined 
notches around its circumference is subjected to hydrostatic pressure in a water bath at a 
controlled temperature of 80 °C. At the time when NPT was developed, a good PE100 material 


reached brittle failure at 4.6 MPa after 300—1000 h. 


Meanwhile, new trenchless installation techniques, such as horizontal directional drilling [5] and 
pipe bursting [6] have created a demand for new polyethylene materials with much higher slow 
crack growth resistances. In response, recent developments in polyethylene production, such as 
selective incorporation of a 1-hexene co-monomer and bi-modality, have increased the material’s 
resistance to SCG significantly to successfully meet the new trenchless application requirements. 
Today, although there 15 no standardization yet, these materials are known as РЕТООКС (resistant 


to crack) type polyethylene in the market [7]. However, despite the use of the surface notch 


technique for SCG acceleration, current standard testing methods for evaluating the resistance to 
SCG of PE80- and PE100-type polyethylene materials, such as the NPT, full notched creep test 
(FNCT) [8] and Pennsylvania notched test (PENT) [9], take a long time to reach brittle failure 


under standard testing conditions for PE100RC-type materials, in most cases more than 10000 h. 


Due to the above-mentioned facts, many researchers have strived to develop new testing methods 
with higher SCG acceleration that give an idea of the SCG resistance of a pipe material in a 


shorter time and preferably without using surfactants. 


SCG is a time-dependent brittle-type failure that polyethylene pipes show when under low stress 
levels [10]. The polyethylene’s molecular weight (and its distribution), crystallinity, co-monomer 
type, concentration (and its distribution) [11,12], tie molecules and entanglement density are 
parameters that are known to affect the SCG of polyethylene. The concept of the strain hardening 
modulus (Gp) proposed by Haward [13] is based on the entanglement density of a polymer 
structure. For modern polyethylene materials in particular, Kuralec and co-workers [14] have 
successfully determined that the strain hardening modulus is a measure of the slow crack growth 
resistance of polyethylene materials; such a test has become known as the strain hardening (SH) 


test. 


In parallel, Nishimura and Narisawa applied fatigue tests to medium density pipes (cylindrical 
specimens taken from pipe samples) [15]. Years later, following this work, Pinter and co-authors 
[16] applied the linear elastic fracture mechanics concept to measure crack initiation and 
propagation on polyethylene materials. They employed a cylindrical bar with a circumferential 
notch under a tensile—tensile cyclic test (CRB test); their ranking of polyethylene pipe materials 


were similar to those determined from the failure times in FNCTs. Subsequently, the method was 


extended to evaluate the remaining lifetime of polyethylene pipes [17]. Recently, Schoeffl апа 
Lang used the same approach to study the effect of hydrocarbons on the slow crack growth of 
PE100 materials [18]. In another study, Kratochvilla and co-authors correlated the CRB failure 
times of polyethylene specimens (directly cut-out from pipe samples) to the failure times of the 


same pipes in a modified NPT [19]. 


Recently, SH and CRB testing methods have become ISO testing methods [20,21] for evaluating 
SCG properties of polyethylene materials. However, there are only a limited number of 
publications regarding how these new testing methods respond to the material’s molecular 
weight, molecular weight distribution, co-monomer type and viscosity [22—24]. Therefore, these 
testing methods still require a better understanding with respect to the material's molecular 
structure, and comparative studies with existing slow crack growth testing methods such as NPT 


are of great interest to the industry. 


In this paper, we report the relationship between the molecular weight, molecular weight 
distribution, short chain branching and viscosity of PE100- and PE100RC-type materials along 
with their SH and CRB test performances and the correlation of those testing results to NPT 


results. 


MATERIALS 


Ten different commercial grade polyethylene materials with different molecular weights and two 
different co-monomer types were used in the study. As noted in Table 1, the first two materials 
were 1-hexene-based PE100 (A1 and A2, respectively), while materials ВІ, B2 and ВЗ were 1- 


butene-based PE100 materials and С] to C5 were 1-hexene-based PEIOORC materials. 


EXPERIMENTAL 


The weight average molecular weight (MW) and molecular weight distribution (MWD) of the 
polyethylene materials were obtained by size exclusion chromatography using a conventional 
procedure [25]. A high-temperature chromatograph equipped with a four band infrared detector 
was used to determine the molecular weight distribution. 1,2,4-Trichlorobenzene stabilized with 
2,6-di tert butyl-4-methyl-phenol was used as the sample solvent and for the mobile phase. The 
chromatographic system was operated at 160 °C and at a constant flow rate of 1 mL/min; 200 uL 


of sample solution was injected per analysis. 


The viscosities of the materials were determined via a frequency sweep test at 190 °C ona 
rotational rheometer with a conventional method [26]; parallel plates with a diameter of 25 mm 


and a gap of 1.2 mm were used. 


Specimens for CRB testing had a diameter of 13.8 mm and a length of 100 mm; they were 
machined from compression moulded plaques. All specimens were notched to a depth of 1.5 mm 
with a razor blade. The CRB tests were conducted according to ISO18489. The load was applied 
following a sinusoidal form with a frequency of f= 10 Hz and a loading ratio, R= Fmin/Fmax, of 
0.1 at a test temperature of 23 °C. The maximum and minimum loads were calculated according 


to Equations 1 and 2, respectively. 


Fax = 4 -R] (1) 
Fmin = Fnax:R, (2) 


where Dini is the initial ligament diameter and Ao is the applied stress range. The actual stress 


range, Доо, on the test specimens was calculated according to Equation 3: 


ia з (3) 


(р-дайтід л' 


where ДЕ = Fax 7 Fmin, D is ће specimen's diameter and а is the notch depth measured at 


the fracture surface following specimen failure. 


For each material, at least four different stress ranges were tested and the number of cycles to 
failure, Nf, was recorded. A log-log plot of Nf vs. Ao was produced and a linear data fit applied 
with an accuracy of at least R2 = 0.98. CRB test failure times at a Ao ої 13 MPa were then 


calculated for each material based on individual failure plots and used for further comparison. 


The SH modulus was determined according to 15018488 by using -300 um thick films. These 
films were prepared via compression moulding at 180 °С and at a pressure of 5 MPa; they were 
then cooled down to room temperature at a cooling rate of 15 °C/min. Sheets were annealed at 
120 °С for an hour in order to remove residual stresses. The tensile tests on these film samples 
were conducted at 80 °С with a test speed of 20 mm/min. A non-contact extensometer was used 
for the strain measurements. The strain hardening modulus, Gp, was calculated using Equation 4, 
using a linear fit to determine the ratios (Л) (which were between 8 and 12) for the 


experimentally obtained true stress versus draw ratio curves. 

бише = Y + бр (22 — 2), (4) 
where 

Otrue = a= and Å = 1 + Е where lo is the initial gauge length and Al is the displacement. 


NPTs were performed on pipes with an outer diameter of 110 mm and a wall thickness of 10 


mm. The tests were performed at 80 °C using 9.2 bar internal pressure until each pipe failed. 


RESULTS AND DISCUSSION 


Figure 1 shows typical tensile stress-strain curves (engineering stress, Ogng, vs. engineering 
Я 1 Е 1 А 
strain and true stress, Otrue, vs. A? — > at 80 °C. A linear fit to Equation 4 of 4 between 8 and 12 


is also shown in red. 


A closer look at the strain hardening region of the individual curves is shown in Figure 2. A clear 
distinction between the PE100- (A and В materials) and РЕТООКС- (С materials) type materials 


can be observed. All C materials have a steeper slope than the A and B materials. 


Figure 3 shows the number of cycles to slow crack growth failure at different stress ranges for 
each material. All samples showed a good linear fit in log—log graphs. However, the plots are not 
parallel to each other, making it difficult to rank the various materials for different stress levels. 
The A materials showed the shortest time to failure, whereas the C materials showed the longest. 
The results for B materials were somewhere in between; however, an overlap between the B2 


and C3 materials is evident. 


The SH modulus versus the weight average molecular weight of the materials is given in Figure 
4 (bottom). In general, increasing the molecular weight increased the strain hardening modulus 
for each type of co-monomer material. A similar finding was reported by Haward [27] for high- 
density polyethylene materials with different molecular weights but similar molecular weight 
distributions. A good linear correlation between the MW and SH modulus of 1-butene- and 1- 
hexene-based materials could be established individually; however, the same correlation could 
пої be observed when both the l-butene- and l-hexene-based materials were considered 


together. That is, the 1-hexene co-monomer-type polyethylene materials (A materials, PE100) 


showed similar or better strain hardening moduli compared to 1-butene-based materials (В 
materials, PE100) even at lower molecular weights. For similar molecular weights, polyethylene 
materials with 1-ћехепе co-monomers (C materials, PEIOORC) clearly showed higher strain 
hardening performances than ones with 1-ршепе co-monomers (B materials). These findings 
show that the SH modulus is very sensitive to the co-monomer type and can be a good measure 


for differentiating 1-butene and 1-hexene based materials that have similar molecular weights. 


The relationship between the MW and СЕВ testing performance of the polyethylene materials is 
shown in Figure 4 (top). Unlike for SH, a good linear correlation was found between these two 
parameters for all materials tested, regardless of the type of co-monomer. It is interesting to note 
that CRB testing is not as sensitive to the type of co-monomer of the materials as the SH test, but 
both tests are sensitive to the molecular weight of the materials. Having said that, for materials 
with similar molecular weights (СІ, C3, C5 and B3), the СЕВ tests showed an overlapping 
performance for both the 1-butene- (PE100) and 1-hexene-based (PE100RC) polyethylenes at a 
test temperature of 23 °С, whereas the SH test showed a clear distinction between the same 


materials that overlapped in the CRB tests. 


It is shown in Figure 5 that increasing bimodality helps to improve both the SH modulus and 
CRB performance of polyethylene materials; however, due to other effects such as the MW and 
co-monomer type the correlation factors tend to be lower. It is also important to note that the 


effect of the co-monomer type on the SH test is no longer apparent. 


Figure 6 shows the relationship between the viscosity (at low shear rates) and the SH modulus 
and CRB performance of the tested materials. A good statistical correlation is established 


between the viscosity and the SH modulus of 1-hexene based materials (A and C); however, 1- 


butene based materials do not fit this correlation. Similar to the effect of the molecular weight, it 
is shown that the influence of the co-monomer type is more dominant than the effect of the 
viscosity on SH. Although having a much higher viscosity, polyethylene materials with 1-butene 
co-monomers (В) showed a similar or slightly lower SH modulus than the ones with 1-hexene 
co-monomers (A). In the higher viscosity range, the 1-hexene-based materials (C) showed better 


strain hardening than the 1-butene-based materials (B). 


The relationship between the viscosity and the CRB test performance of polyethylene materials 
is also given in Figure 6. There is a good agreement with the effect of the MW on CRB, where 
there is a good linear correlation between the viscosity and the CRB test performance of the 


polyethylene materials regardless of the type of co-monomer of the polymer. 


The NPT vs. SH and CRB results are given in Figure 7. It shows a good statistical correlation 
between the NPT and SH test and covers both 1-butene and 1-hexene based materials. CRB also 
shows a good correlation with NPT for 1-hexene-based materials; however, 1-butene-based 


materials are not covered by this correlation. 


Figure 8 shows short the branching content vs. SH and CRB performance of the materials. 
Although it is not a definitive correlation, increasing the branching content is seen to increase the 
SH performance of the materials. No correlation was found between the short chain branching 


and CRB performance of the materials. 


Figure 9 shows the SH vs. CRB results. A linear correlation between the SH modulus and CRB 
performance of the tested materials was found only for 1-ћехепе based materials (A and С 
materials), but according to available test data, no overall statistical relationship could be 


established that covers both 1-butene and 1-hexene based materials. 


CONCLUSIONS 


In this study, ten different polyethylene materials were analysed to understand the relationship 
between their molecular weight, molecular weight distribution, short chain branching and 
viscosities versus their resistance to slow crack growth behaviour obtained from SH, CRB and 


NPT tests. 


We found that both the SH and CRB test performances of materials improved with increased 
molecular weight, molecular weight distribution, chain branching content and viscosity 
regardless of the type of co-monomer used. However, for materials with a similar molecular 
weight, the effect of the type of co-monomer on slow crack growth resistance was better 
captured in the SH test results. Therefore, the differentiation of 1-butene-based PE100 and 1- 


hexene-based РЕТООКС materials can be readily achieved with SH tests. 


A good linear correlation between CRB tests and the MW of the materials was observed for all 
tested samples. However, some overlapping regions were also observed for some of the materials 
with similar molecular weights but with different co-monomer types. Similar observations were 


found between the viscosities and the CRB performance of the tested materials. 


Furthermore, a very good statistical correlation between the NPT and SH modulus was observed, 
at least for the materials tested within this study. Although a good statistical correlation between 
the CRB and NPT performance of 1-hexene- and 1-butene-based materials could be established 
individually, an overall correlation covering all tested materials was not found. It was also found 


that 1-hexene-based materials showed a good statistical correlation between SH and CRB tests. 


We believe that CRB testing at 80 °С (the same temperature as used for МРТ and SH tests) may 


improve the correlation between the CRB and NPT results. Furthermore, we propose that a 


combination of SH and CRB test results provide important information about polyethylene 


materials such that one may be able to confidently predict the long-term performance of 


polyethylene using such short-term tests. 
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Figure Captions 


Figure 1 : engineering strain and engineering stress curve (black curve with right and top axes), and 


strain hardening curve (blue curve with bottom and left axes), along with linear fitting line in red. 
Figure 2: Strain hardening region of individual curves 


Figure 3: Number of cycles till brittle failure vs. applied stress for each material. Red lines represent 


linear data fitting with min R of 0.98 


Figure 4: MW vs. CRB failure cycles at Aog of 13 MPa (top), and MW vs. SH modulus of materials 


(bottom). Black lines represent linear data fitting. 


Figure 5: MWD vs. CRB failure cycles at Aog of 13 MPa (top), and MWD vs. SH modulus of materials 


(bottom). Black lines represent linear data fitting. 


Figure 6: Viscosity (ETA at 0.05 rad/s) vs. CRB failure cycles at Aog of 13 MPa (top), and Viscosity 


(ETA at 0.05 rad/s) vs. SH modulus of materials (bottom). Black lines represent linear data fitting. 


Figure 7: NPT failure times vs. CRB failure cycles at Aog of 13 MPa (top), and NPT failure times vs. SH 


modulus of materials (bottom). Black lines represent linear data fitting. 


Figure 8: Co-monomer content (C-1000) vs. CRB failure cycles at Aog of 13 MPa (top), and Co- 
monomer content (C-1000) vs. SH modulus of materials (bottom). Black line represents linear data 


fitting. C-1000 values are obtained by H-NMR tests. 


Figure 9: SH vs. CRB test performance of materials. Black line represents linear data fitting. 


Table | Designation of materials, co-monomer type and classification 


Designation Co-Monomer Type Classification 
Al 1-hexene PE100 
A2 1-hexene PE100 
Bl 1-butene PE100 
B2 1-butene PE100 
B3 1-butene PE100 
Cl 1-hexene PE100RC 
C2 1-hexene PE100RC 
C3 1-hexene PE100RC 
C4 1-рехепе PE100RC 


C5 1-hexene PE100RC 
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